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E8L30

XATIOITAL  AImsoRY c- FOR moIv.Am!Ios

By H&mptcm H. Foeter, F. Ralph Schurioht
and Max J. Tauschek

Apreliminazyexperimental  investigationwasmade of the per-
formasce and general operating cticteristics  of a smell (4 by 4$ in.)
single-cylinder, two-stroke-o~le, loop-suavenged engine using ccan-
pression ignitioq at low ccpnpression ratios, high inlet-manifold tem-
peratqs,and high Inlet-manifoldardexhaust-gas  pressures. The
investigation was conducted to d&mine experimentally the perform-
ance charaoterfstics of a ported cylinder for gas-generator use, to
compare the results tith those obta3ned by an analysis of a pistoa-
type gas-generator engine, and to indioate the practicability of
operatinganengine  cylinderatthe  required oonditions.

c

The experimentalresults, in geneml,are  inreasonable agree-
ment with the performam e values analytically obtained for the
piston-type burner. Scavenging was unsatisfactory at rioh fuel-air
mixtures; consequently, the charging effioienoy and the power output
were somewhatlowerthana~ioipated. Thethermalefficiencyexperi-
mentally determined oheoM -11 with anamioal results a% 1~
fuelddr rstioe. Heat losses franthe oylinderwere  inordiaettely
high; these high losses were partly attributed to the high surfaoe-
volume ratio of the cylinder and to the low ooolant temperature used
to expedite the recordzIng  of data in this initial tivestigation.
Whenthe heat-rejeotionrate was oonsidered, the oalculatedandthe
meaerucede~~-ejastemperatursesgreedverycloeely.

Operation of the cylinder at low ocmpreesion ratios, high inlet-
manifoliltempe~tures,high  inlet-manifoldandsxhauet-gas  pressures,
and high maximum cylinder pressures presented no new problems nor
difficulties. Operation was quite smooth beoause of the low rate of
pressure rise in the cylinder.
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INTRODUCTION

The potentialities of a gas-generator engine comprising a two-
strok3-cycle compression-ignition engine, a compressor,andaturbine
are presented in reference 1. In this type of power plant, the
piston engine drives its own supemharging  canpressor  ard the exhaust
gases from the engine are utilized in a turbine, which produoes the
net useful work of the cycle. A d-tic sketch of a gas-
generator power plant is shown in figure 1.

Aside frcm the external operating conditions, the performance
of the gas-generator engine is determined by (1) a maximum allowable
cylinder pressure, (2) amaximum
and (3) the necessity that the work output of the piston component
of the engine must equal the work requirements of the compressor.
In order to satisfy these three conditions eimultaneously, canpression
ratio, manifold pressure, and fuel-air ratio must be adjusted to the
proper values. Calculations inreference.  indicate.that oompression- ..--
ratios from 4 to 7, manifold preseures of approximately 80 to
160 pounds per square inoh absolute, and over-all fuel-air ratioe of
approximately 0.03 may be used. Tha,high inlet density results in high
air capacity for the gas-generator engine and leads to a low specific
engine weight, andthe highexpansionratio results ingood fuel economy. -

The operation of the principal component of this power plant,
the two-stroke-cyole ocmpression-ignition engine, is certainly
unique and unueual ae compared with conventional ccmpreesion-
ignition-engine praotioe. Consequently, experimental data must be
obtained pertaining to the performance of this ccanponent and the
theory relative to the influence of the rate of combustion-pressure
rise on the performance of a pmssure- and temperature-limited
cylinder; confirnaation  is also necessary of the theoretical expreseions
for such items as engine efficiency, heat rejection, compression and
combustion pressures, and charging characteristics. An investigation
was therefore conduoted at the NACA Lewis laboratory to determine
experimentally the performance characteristics of a ported cylinder
for gas-generator use and to compare the results with those obtained
in reference 1.

The unusual operating conditions imposed upon the engine may
lead to questions about the mechanical practicability of such an
engine. Although a limiting maximum cylinder pressure and exhaust
temperature have been maintained, compression ratio, charging pres-
sure and temperature, and exhaust pressure are so far removed fram
conventional practice that unforeseen mechanical and thermal loads
may result in premature engine failure. A careful study of the
practicability of operating engine cylinders at these conditions
is therefore warranted.



For this work, a small-scale, loop-scavenged, two-stroloe-cyole,
ccunpression-ignition cyli&er was selected as the simplest type of
cylinder that was expected to satisfy the gas-generator requiremarbs.
This cylinder was operated with ocurpression ratios of 4 to 7, Inlet-
7DanifOldtem~~tureS  ranging froaP 3C0°to 600°F,manifoldpreS8ureS
of 80 to 135 pounds per square inoh absolute, and over-all fuel-air
ratios up to 0.060. The engine speedwas held constant at1600 w,
and the charge air flow ltifted to 1 oylinder volums per cycle.
Although this engine speed and this rate of flaw are not necessarily
optimum, the values were selected as the mean between possible limits
of the variables (reference 1) in order to limit the number of
variables under investigation.

APPARATUS

A ported oylinder with a +-inch bore and a 4&inch stroke was
fabrioated from steel and the bore was ohrome-plated to prevent
rapid wear. A detaohable  oylInder head tith vezious spacers afforded
a means of obtaining a ohange in ouupression ratio. The inlet- and
exhaust-port arrangements were similar to those ueed by Rogowski and
Bouchard (reference 2, fig. 4, se&ion D-D). In this design, two of
the eight inlet ports were inclined at an angle of 60° with the base,
and the horizontal inlet angles of the other six inlet ports were so
srrangedastodireotthe  incomingair~~andtowardthe  inlet
side of the cylinder (fig. 2). Four east-iron piston ring8

(wedge-shaped cross section) were used above the piston pin; two
rings (recw cross section) were used below the pin to seal the
manifoldpressure f'rcmthe crankcase. A four-plunger pump driven at
one-tenth engine speed provided metered lubrication to the cylinder
bore at four equally spaced points just above the top of the ports.
An oil jet from the small end of the connecting rod was direoted at
the under aide of the orown of the aluminum-alloy piston to 0001 the
piston. The cylinderwas mounted ona CFR crankcase. A lOO-horsepower
dynamometer eqtipped with the nece88ary accessories and instrumentation
was used to atart the engine, to absorb the power,and to motor the
engine in order to obtain friction data and compression pressures.
The dynamometer torque was itiicated by scales. Figures 3 a& 4
show general views of the setup.

The fuel-injeotion pump had a lO¶illimeter plunger and a
lo-millimeter atrolas. The maximum plunger velocity was 0.0125 inch
per degree of oam rotation. The spring-loaded injection valve had
an opening pres~lure of 33CO pounds per square inch. Cross sections
of the combustion chamber at various compression ratios, the location
of the injection valve, and a slcetch of the spray pattern are shown
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in figure 5. The nozzle used was selected on the basis of a brief
preliminary investigation. The fiel had a cetane number of 50, a
specific gravity of 0.835 at 60° F, and a hydrogen-carbon ratio of
0.149. Fuel flow was measured with a rotameter.

High-pressure ocmbustion-scavengingairwas  obtained from the
laboratory air system. Weight flow was controlled by suitable valves
in the Inlet and exhaust systems and was measured by a thin-plate
orifice installed according to A.S.M.E. specifications. surge tanks
(figs. 4 and 6) louated before and after the engine were equipped
with pressure taps to measure the inlet-manifold aMi exhaust-gas
pressures. Maximum cylinder presses were measured with a balanced-
diaphragm valve andapressure gage. Amercurymanometer  conneoted
between the inlet manifold and the exhaust tank was used to indicate
the pressure drop across the cylinder during operation. The readings
were in close agreement with the differences between inlet-manifold
and exhaust-gas pressures as indicated by calibrated Bourdon gages.

An electrically operated gas-sampling valve was connected to
the combustion chamber from which gas samples were direGUy piped
to a mixture analyzer (referenoe 3). Samples of gas for a 20'
crank-angle period could be obtained-for  any desired part of the
*strok33.

During part of this investigation, the engine was operated on
a fom-stroke  cycle, that la, with fuel injection at the ed of
every second compression stroke in order to Insure the removal of
unburned fuel from the cylinder prior to the air-charging proceee.
This operation was accmplished  by the use of 2:l reduction gear
between the engine and the fuel-injection pump.

Indicator-card (pressure-time diagrams) data were obtained with
a modified Farnboro eleotric indicator (reference 4).

Variable fuel-air-ratio runs were made over a range of inlet- .
manifold pressures and oorresponding  exhaust-gas pressures, so that
the chosen scavenging ratio (ratio of volume of air flarfng through
the cylinder per cycle measured at inlet-manifold conditions to the
volume of the cylinder at the time of port closing) was oonstant.
The inlet-air flow was controlled by throttling the flow of exhaust
gases. The engine epeedwas held constant by varying the load on
the dynamometer for changes in fuel-air ratio; the fuel-injection
advance angle was also held oonstant.
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Data were recorded at a minimum of l5+uinute intervals to permit
stabilization of operating temperatures. Friction losses were deter-
minsdbymotoringthe engim aftereaohpointatwhichdstawere taken.

The following engine operating oonditions  were used:

PorE timing, deg A.T.C.
E ⌧ h a u s t  o p e n s . . . . . . . . . . . . . . . . . . . . . . 1 09

2k b a ustulo ses . . . . . . . . . . . . . . . . . . . . . 251
IIl☺.et  o p e n s . . . . . . . . . . . . . . . . . . . . . . . 1 1 9

Inlet closes
Compression ratios &&d*Oa; ~oLL*aGe'

. . . . . . . . . . 241

exhaust ports) . . . . . . . . . . . . . . . 4, 4.5, 5.25, and 7
Enginesp eed,r p m . . . . . . . . . . . . . . . . . . . . ..18CO
Inlet-manifold pressures, lb/sq in. ebbs. .. 60, 100, 120, and 135
Injection-advanoe angle, deg . . . . . . . . . . . . . . . . . 25
Fueleir-ratio (over-all) range . . . . . . . . . .
Inlet-manifoldtempeI7xklre,  %.

0.01 to 0.060
. . . . .

Coolantinlsttemperatme,%'
.300,4Co, 5CO,aad600

. . . . . . . . . . . . . . . . 165

Scavenging Characteristics

Port flow coefficients. - Flow coeffioiente of the inlet and
exhaust ports were deterreined tier steady-flow conditions. The
air flow through the cylinder was measured at suocessive  positions
of the piston, whioh oontrolled the port openings. The inlet- and
exhaust-flow ooefficients  based on the maximum port areas are shown
in figure 7(a). The average steady-flqu ooeffioients  based on
.msimum port area were found to be 0.238 and 0.372 for the inlet srd
exhaust systems, respectively. Figure 7(b) ah&s a plot of the
products of the values of open-port areas and the aorresponding
values of disobarge  coeffioient  at different crank positions in the
scavenging period. The average values of this product are 0.653
and 0.923 square inch for the inlet and exhaust systems, ~speotively.

Ameter M, first developed for an analysis of the flow
throughpoppetvalves  (reference 5)wasmodifiedforuse inthe
studyofflowthrougha portedoylinderandwasusedto  compare the
inlet and exhaust systems of the ported cylinder with those of a
oylinderfromal2-cylinderoonventionalaircraftengine. Thevalue
of M (designated # in reference 5) is a dimensionless number
representing the hypothetioalaverage Mach number for the flow through
the valves or ports when the piston is assumed to induct or exhaust
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the oharepe at a aomrtantpreeeure.~(8ee  appendix formethod of
oaloulation  of M.) Although the flow prooeeees do not aotually
ooour in thfe manner, this asenmrption  permits a oonvenient method
oriDdexforoallparingthe  oapaoitlee ofvariouE!valve ay&eme,
lnaamuoh as it tabs into aooount the valve B;PBBB, the rates of
opening, the flow ooeffiolents, thetotalopening periods, andthe
oyllrmler dlmneic~0. With this method of oanpari~on, the lower the
value of M, the greaterths oapaoityofthe valve underthe oper-
ating oonditioxw oonaidered. The oanpar8tive values of M for the
ported oylinder and the cylinder of a oonventional  aircraft engine
at pi&on speeds of 1350 and 2400 feet per minute and arbitrarily
ohoaen inlet and exhaust conic velocitfee of llO0 and 2!500 feet per
8eooM, respeotively, are:

Ported Convent ioml
oyllnder alrom.fYi-engine

cylinder
Engins epeedat pietonepeed of

1550 feetperminute 18OOrpm l35Orpm
I n l e t  M . . . . . . . . . . . . . . 0.344 0.144
ErhEulat M . . . . . . . . . . . . . 0.098 0.088

Engine epeedatpiston epeed of.
2400 feet per minute 3267rpm24OOrpm (r&ted)

Inlet M.............. 0.624 0.263
Exbauet M . . . . . . . . . . . . . 0.179 0.160

The relatively high, and therefore unfavorable, values of M
forthe inlet ports eze~ duetothe angular arrangement, the length
of the flow paaeagee, and the sharp edges at the entrances of the
port8 (fig. 2).

Cylmr pres6ure drop. - 'pypioal oyllnder-pressure-drop  data
obtained during the investigation are shown In figure 8. The pres-
sure &spa shownhere ran&e Avrm approxtitely4to23  pounds pera
square inoh and vary with manifold presmre and fuel-air ratio.

Theme datdtmsybe c~tithoaloulatedvalues  ofpreeeure
drop far the pm oylmer a& ale0 for the oylizkler of refer-
enaesland2, whlohwere oaloulatedbymeans  oftbe equationuesd
Isthe previaue 8naly8is (referenoe  1):

R,= 0.0910
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W&X?9

Rf3 scavenging ratio

Pe exhaust-gas pressure, (lb/q in. abe.)

% inlet--ifold pressure, (lb/sq in. abe.)

Tm inletsifold  temperature, (92)

Thia equation was intended to apply to cruising engine speeds
corresponding to a mean piston speed of approximately 1800 feet per
minute. The experimental cylinder, however, wan opereLted at a mean
piston speed of Il.330 feet per minute. If the cylinderasdthe ports
a.333 asaumd to have the characteristic8 of an orifice and the
weight flow is asswned directly proportionalto the average piston
speed, the cylinderpresaure  dropwillvaryasthe  square of the
average piston speed. Colnsequently,  equation (1) becomes

F+Jl - Pe = (0.210)" (B-)9 2

Pressure drape calculated from equation (2) are canpared with
the experimental data for 8 fuel-air ratio of 0.03 in figure 9.
The differences between the calculated and experimental data are in
a large par-b attributed to the low inlet-port flow coefficients and
the inadequate exhaust lead of the cylinder under investigation.
Because the analytical expression ie independent of fuel-air ratio,
the pronounced effect of fuel-air ratio on the pressure drop aoroas
the experimental cylinder (as illustrated in fig. 8) is further
evidence of inadequate etiuat lead or time-area for the e-au&
blowdown process. The requirea exhaust lead, determined by a method
preeented  in reference 6, was about six times that of the experimental
cylinder.

Charging efficiency. - Inreference I it is as-that
perfect ma acccenpanies the charging proceae (reference 6). For
this scavenging process, the ohargtng efficiency rls b given by
refermoe 7 as

tls = 1 - emRS (3)
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At the selected operating condition, that is, a soavengIng ratio of
unity, the charging effioien0y from equation (3) i8 63.2 percent.
Samples of ga8 from the experimental. cylinder, however, indicated
that the charging efficiency was less than 55 percent, which repre-
sents a 108s of 13 percent in power output at rich mixtures.

For operation at over-all fuel-air ratios in excess of 0.035,
experImentaldata  indioatethat  as the fuel-airratio  is enriched
the charging efficiency decreases and ultimately approaches zero.
This relation is caused by the cylizader fuel-air ratio being stoi-
chiomstric orrioher eothatallthe  fuel oannotburn. When-the
scavenging process begins, the unburned fuel remaining from the
previous cycle apparently undergoes combustion, using part of the
ecavenge air. Ae a result, the cylinder ia in part being 8cavewd
with produote of combustion. On succeed9ng cycles, the cylinder
fuel-air ratio beocmes increasingly richer until equilibrium is
reached, at which time the concentration of products of ccsnbustion
in the oylinder is very high at Inlet-port closure.

The effeot of high concentration of the products of combustion
ie demonstrated by the data of figure 10. Ths indicated mean effec-
tive pressure decreases rather rebpidly as the oylinder fuel-air ratio
goes beyond stoichics&ric, corresponding to an over-et= fuel-air
ratio of about 0.035,which is indicative of the poor scavenging
under these operating conditions. The burning of praotioally all
the fuel&ring some part of the oycle,whether  it is duringthe
power strati or during the initial etages of the scavenging process,-
is olearl.yillu8tratedbythe  ourve of exhaust-gas temperature,
which continues to increase with increasing over-all fuel-air ratio.

Operation on a four-stroke cycle (with fuel injection every
other cycle) should demonstrate the effeot of the unburned fuel that
exists in the cylinder at the beginning of scavenging. In this case,
the unburned fuel and products of combustion resulting from burning
during the scavenging period ara carried out of the cylinder on the
nonfiring cycle. The power curve ae a function of fuel-air rat10
therefore should not peak but should become substantially flat ae
the cylinder fuel-air ratio becomes richer than stoichicHnetric.  The
four-stroke-cycle data, shown only in figure 10, confirm this
conclusion.

Power Output

Effect of engine operating conditions. - The effect of inlet-
manifold temperature, inlet-manifold pressure, and fuel-air ratio
on the indicated mean effective pressure of the experimental cylinder
ie shown in figures 11 and 12.

.

.
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At very lean fuel-air ratios (below 0.025), figure IL indicates
that the indicated mean effective pressure is roughly proportionalto
the fuel flow. Asths mixfxre is enriched, the slope of the curve

'decreases and ultimately reaches a value of zero. This point corre-
sponds to approximately StOiChioWtriC  mixture in the cylinder, which
is approximately twice the over-all fuel-S& ratio for ths chosen
operating condition8 and resultant charging efficiency.

For changes in inlet=ifold pressure or inlet-manifold tem-
peratUre, the data Of figure8 U&I& 12 showuponanalysis  that the
indicated mean effective pressure is almost directly proportianal to ths
density of the air in the inlet manifold. This proportionality is
Ei IlELttlral  XWSUlt Of the msxxxz in which the operating condition8
were changed inaqnuchae the airflowwas  heldconstant  at 1 cylinder
volume per cycle. Small changes in charging and thermal efficiencie8
ocourringthrough~changes  in manifold conditions caused slight
variations fragD this ?.'e&tion.

C~~i8MWith~1GU&ted~8~t8. -The poweroutputfromthe -
experimental cylinder cannot be directly compared with that calculated
in Chs analysis (reference 1) because the ccmbustion pres8u1~ rise
usedinthe analysis was canside~bly~aterthanthaterperime~ally
found. A valid comparison between the calculated and experImenta
power resultsmaybe made, however, if the inlet-znanifold p?eSeUre
is kept constant andthe results are.ccstparedatthe ssme vaiues of
rnsxlmum cylinderpressure andexbaust-gas  temperature, the-&o
limiting f&ctors inthe gas-generator engine. Such a COIQWiSOn i8
shown fn figure 13 for Value6 of mean effective pressurs aELlcubM
according to thermodynamic relations shown in reference 1 for equiva-
lent values of experimental maximum cylinder preseure and corresponding
exhaust-gas tempsratures. Ths results are in fair agreement at c&i-
tions of low exhaust temperature, which oorrespond to lean fuel-air
ratios (less than 0.03). Optimizing the injeotion advanae angle
may improve the wement here by increasing the power output and
also decreasing the cylinder pressure and the eXhaU8t temperature. At
conditions corresponding to rioh fuel-air natios, wide differences
are noted between the calculated a.M experImenta values. Most of
the difference is attributed to the pear charging efficiency of the
experimental cylinder, although injection advance, duration, and
patternalsoexert sane influence onthe power output.

Cylinder Pressurea

k4llp~SSiOn ~SSUZ'eS. -A a~ison of osLcul?&edand  experi-
mental coiPpreesion pressures is shown in figure 14. Ths expreseion
used in the reference &nalyeis (reference 1),
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P, - pe r1.35
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(4)

where

PC ocam>reseim pre68ure, (lb/sq in. abe.)

Pe erhaust-gae  pressure, (lb/sq in. &be.)

r oanpreesion ratio

is shown to result in prees~~e somewhat lower than the actual com-
pmssion p?.Wesures. In view of the low flow coeffioient  8cross the
inlet ports of the expsrimsrrt;al Cylinder, it app~are doubtfulthat
o~8sior~could ~eedFrcxsinlet-manifoldpreseure.  Actually,
the pressum fram which oompz~sslon begins ehould be sasswhere
between Inlet-andexhaust-manifold  pres8umS. Bdioat~-carddata
ehow that this pressure is less than the inlet-manifold pressure by
about 20 peroent of the cylinder pressure drop. Tbs data in fig-
ure 14 show that the value of 1.35 for ths polytropio exponent very
nearly fit6 the plotted points.

Maximum cylinder preesures. -The effeotofinletlrnanifold
pressure andfuel-airratio onmaxirmrm cylinderpreasure is Shm
in figure 15. The cm-v88 initially rise quite rapidly and, as the
fuel-airlgtio  is enri&ed,becc# more nearly flat. This flatness
Is a result of inoreasing  the duration of fuel injeaticn at the
richer mirtures and of operating with a fIxed injection advance
an&a. If the injectian advance had been optimized., increasing
withthe fuel-airratio,thsse ourveewouldbe more nesrly straight
lines. As is to be expeoted, the maximum Cylinder preseure at 8.
given fuel-air ratio 18 approxfmately proportional to the inlet-
manifold pressure.

Btios of maximum ocanbustion  p?TS8SUZWS to ocXQre8sion pres-
sure are plotted in figure 16 for both experimental and calculated
valuee of cylinder p~8SUZ-S. The calculated values were obtained
by using the method of ccpnputation  (for con&ant-volume oombustion
with certain co-&ion factors applied) described in the analysis
(reference 1). The oahulated value8 of canbustion preesure are
higherthanthe experimenta calculated values of
CCXUpX'SSSi~pXW8SUYM perf

v&ueeand,the
~3~lightly lower than the exper-

imental values, being neaxly pm r . Thus the calculated ratios
are accordingly higherthanthe experimental ratios. !lJhe pressure

.
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ratio increases as the ccmpre8sion ratio is decreased. For example,
the value ofths experlmentalpressure ratio fora ocmpmssionra-tio
of 7 18 1.42 where&e for & ccmpression ratio of 4 it is 1.72 (at 8.
fuel-air ratio of 0.035).

At high compressim ratios, the temperature is, of course, higher
. St the end of ccmpreasion than at low C~~~SSiOII 3XtiOS. This increase

in temperature oauaed the decrease in the ratio of ccanbustion  pressure
to oomprese1on pressure w&h inore&Sizlg ompression  ratio (fig. 16)
for the oalculated  data 8nd is a contributing fbtor in accounting
for this variation in the ease of the experimental data. For the
experimantal data, however, a second effect is preeent, because
combustion is inoanplete at crapk top dead center and beaanse the
rate of change of cylinder volume with respeottotims  fer constant
oleazxnoe volume is mater for high than for low oanpre8eion ratios.

The canbustionpressure rise was about one-half of that tobe
expected with canstant-volume  oanbustion. The ocsljbustion pZ?eSSUre
rise appsrently had little bearing on the perfmnce of the cylinder
when the limitatims we- maximum cylinder preesure and exhaust-gas
temperature.

Thermal Efficiency

The effects of pertinent engine operating variable8 on itiioated
specific fuel uonsumptian and thexvnaleffioiency of the experimental
cylinder are shown in figure 17, which show8 that the efficiency
decreases tith increasing fuelair ratio. This change ia caused by
the greater divergence of the properties of the working fluid fram
the properties of a perfeotgas at the richmixtures, the ocourrenoe
of more of the ocmbustion prooese at 0onstant pressure, and the
burning Of 8cme fuel at bottau Center, 88 pZWViOU8~ diSCUsSed. In
addition, these values inolude a oa&uation efficiency, which was
notdeterminedbutwas  estimatedtobe  approximately 90tolOO per-
oerrt .

The Variation Of theI%ELl efficiency with CCmp?XtSSiOn IY3tiO 18
ocmlpared to thEit of an air standaxd cycle in figurs 18. Ths trend
of the eTperimentaldatais  shownzobe similartothatexpectsd
fr c m th8o r etic & l c o nsia er ettio ns l

The experimentaldataare owdwithths effioieaoies oal-
, culated by the method8 of the reference analysis (reference 1) in fig-
ure 19. The figure chows that the experSmenta1 values are 8omeKhat
2~988 than the th9Ol'&iG?d ?.WSUltS. tithe cmlr8e of the investigation,
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time did not pennit optimizing injection pattern, injection advance,
or duration of injeotion. Burthenuore, aoms loss in efficiency oan
be attributed to the low charging effioiency. For these reasons,
the data of figure
&SSUl@iOll8  in the
b8S than 0.03.

19 are considered to be a reasonable check on-the
iIliti8l &IXL~SiS, partiClikU?~ &t fbSl¶ir X'ELtiOS

Exhamt Measurements

Heat losses. - The beat lose to the coolant etnd ths exh&uet-
gas tempsrature  of the experimental Cylinder am &own in figure 20
as functions of fuel-air ratio. The Beat losses decrease with an
increaee 1" fuel-air ratio. This variation probably results because
the he&t input increa8e8 f&ster than the temperature difference
leading to heat transfer. Allthe dataare considellablyhigherthan
the value of 18 percent a~stm~d in the previous analysis (refer-
ence 1). The higher heat mjection of the experimental cylinder is
part;l.y attributed to ths high surface-volume ratio of this cylinder
(the experimental cylinder hss a surface-volume ratio over 2i times
that of a g.3- by 6.3.in. loop-scavenged two-66roke-oycl.e cylinder
(&!clmer Humbolt Deutz engine, reference 8)), and partly to the
low coolant temperature used. to expedite the investigation.

Exhaust-gas temperature. - The exhaust-gae temperature (fig. 20)
is practirMUy a linear function of fuel-air ratio. The slight amount
of upward curvature is caused by a decrease in the engine efficiency
as the fue1-&irr&t101* inoreased. The diffioulty of attaining
equilibrium conditions in the exhaust tank, which hsd considerable
thermal lag, may account far the scatter in the data pointa. Because
the data were taken in ths direction of increasingly rich mirturee,
the higher temperatures at eaoh respective fuel-air ratio are oon-
sidered most valid and the line through the point8 is drawn aocord-
ingss*

Ccanparieon of calculated ard experimental exhaust-gae temper-
atures . - The equation used Ln the previous ana~is (reference 1)
was modified to elfminate  the necessity for knowing the canpressor-
inlet temperature in the gas-generator engine, to eliminate the
eimplifying  assum&ion of constant specific heat, arxd to consider
the higher heat losses in ths experimental cylinder. In its modified
form, the equaticnbeoomes

(5)

r
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H&5 enthalpy of exhaust ga8, Btu per pound

Qz heat rejection, fraotion of beat Input neglecting friotion

% indioated thermal efficiency from experimental data

- hc heat of oanbustion of fuel, 18,500 Btu per pound

E/A fuel-air ratio

%I entheCl.py of inlet air, Btu per pound .

.

Ikta from reference 9 allowed graphical expression of these enthalpy
values as functions of tempeI7zturs  and fuel-air ratio and thus
permitted a solution of the equation to be made. Equation (5)
results inthe 881138 exhaust-gas temperature asthatcxlauletted  in
the analysis in reference 1 for a corresponding he&t-rejection rate.

Values of exhaust-gas temperature calculated by msans ofequa-
tion (5) are canpar~dwiththe experimentallydetenninedvaluea  in
figure 21. Ths calculated values appear to be in good agreement
withthe experImenta results. At a fuel-air ratio of 0.04 and
bsyoti, allthe data POiIItS lie belowthe calculated curves. This
dieparitymaybe a result of decreasingoombustionefficienoy  in
the experimental data bemuse the equations &S~UBH lOO=percent  ocun-
bustion efficiency, or of neglected hsat loeaes at the high temper-
atures involved.

The variation incalculatedaIvlsrperimentalexhauet-~stem-
peraturee  with changes in oc?npr88sion ratio is shown in figure 22.
Here &g&intbe c~latfoni.8 ehowntobe good. The ohangs in
exhaust-e;ae  temper8ture  with ocmpreesion ratio is caused by varia-
tion in the-thermal effioien0y of the oyli&er.

EIZECTOFDB EEYKmm OBERVXD AND PREDICTED PEEGO-

Inasmuch as this invesM.gation was ctiucted to determine experi-
mentally the performan08 charadferistic8  of a oyllnaer for es-
generator use and to oompaxe the data obtained with those asgumed
forthe previou8 analysis of ths gas generator (referencel),  exam-
ination of the effect of diffelcenoes  in the experiments&and  assumed
dataontheperformance of the gas-generertor en&u3 is of intereat.
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The two most serious defiaienoies  of the experimental oylizkler
with reg8rd to gas-generator applioation 81~8 its low ohasging effl-
ofenoy and its hm heat losses. The low oharglng efficiency oauses
a loss in power output, whioh may limft the manifold presmre at
whioh the gas-generator engine can operate. This limitation in turn
leads to higher speolfioweightand  speoific fuelooneumption  in
the gas-generatorengine.

Thenature of this power limit is shown infigure 23. The
uylinderpower  output is shownfar oonstantexhaust-~stemperature
and-00nstantmaxzImum oylinder pressure. The operating point of the
gas-generator engins obviously is that point where the pcwer-
available CUFPB intersects the power-requiredourve. Becau8e all
the ourves are 80 nearly parallel, a smalldrop in power output
resultingfWm Inadequate soavengdngresults dna large loss in
luarxtfoldpres8ure.

The gas-generatorengine ordinarily operates atfuel~lrratios
of about 0.03 to 0.035 and If the suaveraging is adequate to keep
the cylinder fuel-air ratio somewhat below stoichfanetric, ccxnplete
soavenging  is no longer so important. The present.cylinder 18
inaapable of aooanpllshlng this end. Revision of the porting
scheme with prtrt;icular  emphasis on increasing the exhaust lead may
effeot a satiefactory  improvement.

The second fault of the present oylinder, that of erceasive
heat losses, la attrfbuted  to the use of a small-ecale cylinder
wdth a low coolant temperature. In thI8 inveetigation, overcooling
the oylinder rather than developing a oyllnder that would operate
well with a rninl~~~  of ooollng was expedient. The use of a full-
scale cylinder with a certain amount of development to permit the
use of higher coolant temperatures should be effective in reducing
the heat losses. A reduction of manifold cooling area would also
be made possible with a full-soale cylinder. Despfte poor
soavenging  and high heat losses, the performanoe of the experimental
cylinder oonfirmed the aeerumptions  used in the previous analysis
sufficiently well to indioate that a reasonable approach aould be
made to the gae-generator-engine  perfonnanoe calculated in refer-
ence 1.

PiIECHATJICALmWEOFSLY

The Operating  Conditions uSed in the inve8tigatiOn  IVpB3Sent
quite a radical departure Fran conventional practice. Accordingly,
the practlcablllty of operating at these conditions may be questioned.
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Many of the anticfpated diffioulties,  8uch a8, ?mughm88 of the engine,
brokenandstuckpie~nringe,brolrencylinders,connectingrode,anb
P$StonB, and rapidwear qf part8 failed to mate?zieiLize. The engfne
o@erated satisfactorily throughout the entfre investigation.  Ring
stickingwa8 notaproblmn, norwas ccmit3ustion rouse or Imock
encountemd. The average rate of ccmibu8tionqme8suriLsewa8
32.5 pound8 per square inch per degree at 1800 m or 352,000 pounds
per aq.xare inch per second as detemnWed Anna indicator card8. A
minimumrate of preesure rice of about50 pound8 per 8quare Inchper
degreewillueuallycause  engine roughnees. Itehouldbe poWt&.out,
however, that no attempt ha8 beenmade to reduce the high heat losees
from the,cylinder; the higher cyUnder teruperatures that would accczn-
pamy such an attempt have not been Investigated.

The results of an investigation of the perfomemc eofamfall-
8cale, two-stroke-cycle, CCXQIW88iOn-ignition cylinder of the loop-
scavenged type opemted under 8iMdated pieton-type gaS-geIWxtor-
engine COnditionS may be SuEDIeXiZed as fOnOw8:

1. Charging and scavenging of the cylinder ~88 InadeqUate
because of unsatLsfactory porting. The poor charging and scavenging
weretracedto inadequate exhau8t lead, which was found to be only
one-sixth of that required. The ch8zgin@: efficiency adversely
affected power output and the& efficiency of the cylinder at over-
au, fUd-air ?XLtiOS in eXCe8S Of 0.03.

2. The thermal efficiency and the power output at over-all fuel-
air ratio8 lee8 than 0.03 checked satisfactorily with anticipated
VtiueS. Small @rovements may be obtained by optimizing the fuel-
mection-system  characteristics.

3. Heat losees frcgl. the cylinder were excessive. Part of the
reason for these large lessee was the neceeearily large surface-
volwne ratio of the cylinder, which was about + time8 that of a
current fW.l-scale two-stroke-cycle cylinder. A contributing factor
was the low coolant temperature used to expedite the investigation.

4.Measuredexhau8t-gas temperature8 checkedanticipated Vahea
rea80nabl.y W'ell when the eXperimsn~ detemin& heat lOSee and
combustion efficiency were ooneidemd.

S.The combustionpressure rise was about one-half that to be
expected wztth constant-volume ccmbuetiono  The ccu&Wtion pressure,
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rise apparently hadlittle beazingonthe perfomanc8 of the
cylinder when the limitation were IMX&WJI cylinder pressure and
e&au&i-gas temperature.

6. An analysis of the data showed that inadequate Cylinder
ch8.rging (charge airl~ufficienttamaintain the cylinder fuel-
air ratio somewhat below stoichiametric) limited the manifold pres-
8ure at which a gas-generator engine u8ing thie cylinder may oper-
ate. The analysis indlcatee, however,thatifthe cylinder charging
was adequate, only 8mal.l increase8 in allowable manifold pressure
would accmrpmy fkrther improvement in charging efficiency.

7.The unusual operatWg conditions hadno htumful effects on
the mechankal  operation of the engine; the operation was qtite
smooth because of the low rate of combustion-pressure rise in the
cylinder.

Lewis Flight Propnleion Laboratory,
National Advleory Committee for Aeronautics,

Cleveland, Ohio.
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APPEND= - METEOD OF CCMPUTING CCMPARBOIV P-

When an amQuIlt of air equal to the piston disphcemnt 18
a8BUIWd to flow through the valve8 at ComAant pressure during the
inlet and eXhXl8t pTooe8B88, let &Ca be the product of -
Valve or port area and avera@ flow Coefficient ba8ed on that area,
in 8QUare inche8.

Then
PVDP(&$a) Vt = 12

v= 'D
12 Mnu3.Sa)te.

b&

t he
=Eii

V= v
Z(+,,&,)Ae

B, =M= VIP
0 2= @Qlasa)A*

but

where

P fluid den8ity, lb/cm f%

v average velocity of flovtbrough valve8 or ports, ft/sec
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t

vD
be

N

a

M

s

Ap

time for flow proces8, 880

piston displaoement, cm in.

total valve- or port-opening period, deg

engine mea, rim

velooity of eound (1100 f%/seo at inlet uonditions 2500 ft/eec
at exhaust oonditions,  values arbitrarily chosenI

hypothetioalaverageMaohnmber  for flowthroughvalve  or port

avemgs piston speed, ft/min

8588 of pietoIl, sq in.

The dataneoessmyfordeteminingthe values of M for the
ported and for the oonventional  airoraft-eugine  cylinder and also
oompwative values of M for each are as follows:

Conoept Ported uylinder Aimraft-eugine  oylinder
Inlet likhN8t Inlet Exhaust

8, (ft/min) I.350 1350 w5c I.350
2' ($8% ) Xl.20 8.32500 8.3 23.7 El.20 2500 23.7

&&o~l), (BQ -1 3.03 2.62 5.16 4.15
Ca 0.238 0.372 0.398 0.373
Ae, de% I.22 142 290 282

ii (2400 rprm8) 0.344 0.624 0.0985 0.179 0.144 0.263 0.088 0.160

%ba epeed for aircraft-engine oylinder.
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Alternate  locations for fuel-lnjsotor
maximum oylinder-pressure indicator
valve and exhaust-gas sampling valve

Fuel-nozzle -
orifice diameters

(in. 1
A 0.019
B .014
C .000

#Y~,.&$I? _
no

. 
\\’\

\

F

\
?

Inlat-air
side of cylinder

Seotion through plane of sprays

Figure 6. - Outlines of oombuatfon chamber (for
compressfon ratios of 4, 4.5, 5.25, and 71,
location of fuel-lnjeotion valve,and pattern of
fuel aprays.

.
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Average discharge coerflcient: Met, 0.236; exhaust, 0.372.

Figure 7. - Flow coefficients of 3$- b-y &inch ported qlinder.
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(b) Products of Inlet- and exhaust-port areas and aorresponding
discharge coefficients at each crank angle. Average values:
inlet, 0.653 equare inch; exhaust, 0.923 square inch.

Figure ‘7. - Concluded. Flow coefflciexits of + by 4+inch ported cylinder.
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Figure 8. - Effect of' inlet-manifold pressure and fuel-
air ratio on cylinder pressure drop.
ratio,

Compression
5.25; Inlet-manifold temperature, 400' F.
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Inlet-manlf old pressure,
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Figure 9. - Comparison of experimental and
calculated values of cylinder pressure
drop. Compression ratlo, 5.25; inlet-
Manifold temperature, 400° F; fuel-air
ratio,' 0.03. Theoretical values are based
on equation (2).
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Figure 10. - Effeot of over-all fuel-air ratio on
performance of experimental  cylinder with two-stroke
and four-stroke  cycle operation. Inlet-manifold
temperature, 400° F; two-stroke cyole; compression
ratlo, 5.25; inlet%anr.?old  pressure, 60 pounds per
square inch absolute; four-stroke  oyclea ?ompresslon
ratio, 4.6; inlet-manifold  pressure, 100 pounds per
aquare lnah absolute.
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igure 11. - Eff‘ect of Inlet-manifold pressure and
fuel-air ratio on power output of experimental
cylinder. Compression ratio,
temperature, 400'. F.

5.25; inlet-manifold
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,
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Inlet-manifold temperature, T,oF
Figure 12. - Effect of inlet-manifold temper-

ature on power output of the experimental
cylinder. Compression ratio, 4.5; inlet-
manifold pressure, 100 pounds per square
inch; fuel-air ratio, 0.025.
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Exhaust-gas temperature, 9

Figure 13. - Correlation  of experimental and calculated
values of indicated mean effective pressure for
experimental cylfnder. Inletymanifold  temperature,
400° F; inlet-manifold pressure, 100 pounds per square
inch absolute.
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Figure 14. - Compgrison of experimental and calculated
velues of compression pressures. Inlet-manifold
temperature, 400° F; fnlet-manifold pressure
100 pounds per square inch absolute; exhaust-&&fold
pressure pe, 92.5 pounds per square inch absolute;
exponent for compression, 1.35.



N A C A  R M  N o .  E8L30 3 7

2200

1800

600
0 .Ol‘ .02 .03

Fuel-air ratio
.04 .05

Figure 15. - Effect of inlet-manifold pressure and
fuel-air ratio on maximum cylinder pressure in
experimental cylinder, Compression ratio, 5.25;
inlet-manifold temperature, 400° F.
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Figure 16. - Effect of compression ratio and fuel-air
ratio on ratio of maximum combustion pressure to
corn resslon presaur8.B400

Inlet-manifold temperature,
F; inlet-manifold pressure, 100 pounds per

square inch absolute.
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Figure 17. - Effect of fuel-air ratio and compression
ratio on indfcated 8ffiCi8nC
Inlet-manifold temperature, E

of experimental cylinder.
00' F; inlet-manifold

pressure, 100 pounds,per square inch absolute.
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Figure 18. - Comparison of experlmen-
tal and calculated indicated thermal
efficiencies on basis of compression
ratio. Inlet-manifold temperature,
400° F; inlet-manifold pressure, 100
pounds per square inch absolute;
culated thermal efficiency T)~ = K
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Figure 19. - Erf%ct of maximum cylfnder pressure on Indicated
thermal efficiency at several fuel-air retios for both ex-
perTmental and calculated values of maxLmum cylinder pressure.
S&et-manU'old temperature, 400° F; Inlet-manifold pressure,
100 pounds per square inah absolute.
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Fi@.W8  20. - Variation of heat loss and exhaust-gas
temperature of experimental cylfndsr with fuel-air
ratio. Compression ratio, 5.25; Inlet-manifold
temperature, 400' F.
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gure 21. - Comparison of experimental end calculated
exhaust-gas temperatures. Inlet-manifold temperature,
400° F; compression ratio, 5.25. Calculation  made at
inlet-manifold pressure of 100 pounds per square inch.
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scavenging efficiency

Powe~required
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Figure 23. - Compressor and engine power relatiomin gas-
genmator engine.
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